Cancers are complex, evolving, multiscale ecosystems that are characterized by profound spatial and temporal heterogeneity. The interactions in cancer are non-linear in that small changes in one variable can have large changes on another. These multiple interacting phenotypes and spatial scales can best be understood with appropriate mathematical and computational models. Imaging is central to this investigation because it can non-destructively and longitudinally characterize spatial variations in the tumour phenotype and environment so that the system dynamics over time can be captured quantitatively.
Introduction
Although it is commonly assumed that "cancer is a genetic disease", it is significantly more complicated than that. Cancers are complex, evolving, multiscale ecosystems that are characterized by profound spatial and temporal heterogeneity. Understanding a cancer requires a detailed understanding of complex dynamical systems. The interactions are non-linear in that small changes in one variable can have large changes on another. These multiple interacting phenotypes and spatial scales can only be integrated and understood with the application of appropriate mathematical and computational models. Imaging is central to this investigation because it can characterize spatial variations in the tumour phenotype and environment in a non-destructive way so that, by re-interrogating at a later date, the system dynamics over time can be captured. Fig. 1 illustrates a conceptual basis for the roles of imaging in understanding cancer biology. The effect of an altered genome is manifested by the complement of genes that are expressed, the "transcriptome." The conversion from gene to transcript is a non-linear process and can be affected by genetic events, such as mutations or single nucleotide polymorphisms (SNPs), but also by epigenetic events, such as DNA methylation, histone methylation, acetylation, chromatin dynamics, and the activity of micro-RNAs. 1e8 Even with a full description of these molecular events, the final transcripts are regulated by interaction with the microenvironment surrounding the cell. This figure also shows that these different levels of organization can be interrogated with non-invasive molecular, functional, or anatomic imaging. All three types of imaging are interrelated and although the delineations are somewhat arbitrary, they each have distinguishing characteristics. Molecular imaging is relegated to measuring the levels or activities of specific macromolecules or metabolic pathways in vivo. Functional imaging is devoted to measuring specific organ functions, such as perfusion and cell density. At the highest level of organization, anatomic imaging can be very quantitative and can identify underlying heterogeneity in microenvironmental conditions, gene expression, and metabolic phenotypes. As levels of organization increase in complexity, the interactions between levels remain non-linear and involve complex interactions of the underlying cellular genotypes and phenotypes with the microenvironment. A fundamental outstanding problem in modern biology is how to directly link the current wealth of genetic data, not only with clinical outcome, but crucially with the cellular phenotype. The so-called genotypeephenotype mapping is at the heart of our understanding of many of the engines that drive tumour growth and progression; however, it has to some extent been ignored. This is in no small part due to the sheer complexity of the processes involved: thousands of genes result in the regulation of a multitude of proteins, which interact and signal within complex pathways to drive a cellular response in individual cell that modulates its signalling in response microenvironmental cues and signals from other cells. As shown in the figure, the gene expression patterns also, in turn, are exported from the cell to the microenvironment, which provides a conduit for cellecell communication. Fig. 2 lists the complex mixture of components of the tumour microenvironment. The conversion of gene transcripts to protein is also non-linear and is greatly affected by microenvironmental interactions. The microenvironment contains cells, proteins and small molecules, all of which can impact tumour growth and response to therapy. These complex interactions between intra-and extracellular processes give rise to intra-tumoural heterogeneity. Indeed, it can be shown by mathematical modelling that complex heterogeneities can arise even from a limited set of cell environment interactions. 9 As a consequence of these interactions, the microenvironment is spatially and temporally heterogeneous and thus gene expression and cell phenotypes are highly variable, even within the same lesion. The consequences of this cellular heterogeneity are enormous and challenging. For example, phenotypic heterogeneity is the most significant factor underlying evolution rates. 10 An emerging concept states that tumours with the most heterogeneity are to be more readily adaptable to perturbations, such as chemotherapy and hence, have the worst prognosis. It can be predicted that, as a result of selection pressure (e.g., from treatment), a phenotypic convergence occurs. 11 This convergence maybe transient and need not involve a convergence in genotype. In fact, mathematical models suggest that multiple genotypes can produce similar phenotypes. 12 Such transient convergence at the phenotype scale is precisely the sort of thing that modern imaging can highlight. Intratumoural variability dramatically confounds our ability to study cancers in vivo using molecular diagnostics. Typical molecular characterizations, such as microarray studies, measure the transcriptome in a large number of cells. The relevance of this single, average measurement in a population of high phenotypic and genotypic variance will likely be very limited. In such studies, the impact of heterogeneity can only be appreciated with large datasets from a large study population, i.e., "systems biology." Consequently, the applicability of these data to individual patients is limited. Modern imaging and, more to the point, modern image analyses, have begun to explore the importance of tumour heterogeneity in progression and response and have the potential to improve diagnosis, prognosis, and prediction for individual patients. 
Molecular imaging of the metabolome: hypoxia-inducible factor (HIF) and the Warburg effect
An example illustrating the biology and imaging of tumour heterogeneity can be found with the hypoxiainducible factor (HIF). Since its discovery in 1992, 13 studies of HIF have truly revolutionized the understanding of normal and pathological physiology. In that time, there have been over 6000 primary literature reports on HIF and over 1000 review articles. The role of this factor in the aetiopathogenesis of cancer is indisputable. 14, 15 The alpha subunit of this transcription factor is constitutively produced in most cells. In the presence of oxygen it is acted on by an enzyme, proline hydroxylase, which will add hydroxyl groups to specific proline residues on the protein.
These, in turn, are recognized by another enzyme, the von HippeleLindau tumour suppressor enzyme, which will decorate the protein with small ubiquitin peptides. Ubiquitinated proteins are recognized by a proteosome, which will specifically degrade the protein and keep the levels low.
In the absence of oxygen, HIF-1a (or HIF-2a) increases and combines with a beta subunit to create an active transcription factor. This induces the transcription of over 60 genes that result in increased glucose metabolism, increased angiogenesis, increased iron metabolism, and resistance to cell death. 14 These are all associated with a physiological response to hypoxia, such as that seen in wound healing. In many cancers, HIF becomes aberrantly stabilized and this results in spatially and temporally inappropriate angiogenesis, glycolysis, and resistance to programmed cell death, PCD, 16, 17 which are among the "hallmarks" of cancer (listed in Table 1 ). 18e21 The consequences of angiogenesis, glycolysis, and PCD resistance can be imaged in patients using dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI), 2-[ 18 F]-fluoro-2-deoxy-D-glucose (FDG) positron-emission tomography (PET), and diffusion MRI, respectively, and these can be used to measure response to anti-HIF therapy.
22e24
Functional and metabolic imaging of tumour heterogeneity: DCE-MRI, FDG-PET, and diffusion DCE-MRI monitors the timeeactivity uptake curves of small molecular weight contrast agents with T1-weighted imaging. These data can be modelled in a pixel-wise fashion to yield functional maps of vascular parameters, such as blood volume, volume of extravascular extracellular space, and the blood vessel transfer constant, K trans , which is related to permeability. 25, 26 Jackson et al. 27 have recently and authoritatively reviewed DCE-MRI data from a variety of cancer patients and have put forth the hypothesis that the heterogeneity of enhancement is of more prognostic value than the average value taken over the entire region of interest (ROI). In order to assess heterogeneity, the signal measured over time must come from the same volume of tissue for each sample. In practice this is difficult to accomplish below the neck, due to physiological motion (respiration and cardiac). While motion artefacts can be reduced by cardiac gating or acquisitions during breathhold, this invariably reduces accuracy. More modern approaches collect data with free breathing and a navigator echo, and utilize post-acquisition processing. 28 Pixelwise analysis of data has been shown to have higher predictive value than single ROI analyses. For example, compared with the mean K trans values from a single ROI, the standard deviation of K trans values was shown to more accurately delineate benign from malignant breast lesions. 29 As described in Jackson et al., histogram analyses are proving to be very powerful for tumour diagnosis, prognosis, and therapy monitoring. 27 More sophisticated analytical paradigms are being applied, with greater accuracy and success. 30 In cervical cancers, heterogeneities of enhancement kinetics have been quantified using masked wavelet decomposition coefficients. These have been modelled and shown to be highly predictive (>95%) of both recurrence and survival. 31 As described elsewhere in this volume, PET imaging can be used to monitor the distribution of a number of positron emitting tracers, and data can be kinetically modelled to yield metabolic transfer coefficients. In cancer, no tracer has had a larger impact than FDG, which measures the uptake and trapping of a glucose analog. Since it was first used for tumour detection in 1980, 32 more than 2 million patients have been imaged worldwide for the purpose of cancer staging and diagnosis. For many cancers, the diagnostic accuracy of FDG-PET is over 90%. 33 The two major FDG metabolizing enzymes: the glucose transporter, GLUT-1 and the hexokinase, HK-2, are both HIF client proteins and both correlate highly to FDG uptake. 34 There is abundant evidence that this heterogeneity of FDG uptake is prognostic. For example, Eary et al. 35 have developed a new heterogeneity-analysis algorithm that was a strong independent predictor of patient outcome in 238 sarcoma patients. Statistical analyses show that heterogeneity analysis is a strong independent predictor of patient outcome. Additional predictive power can be obtained if tumour shape functions are incorporated into the analysis. 36 In cervical cancer, the inter-tumoural maximum value of FDG uptake (SUV Max ) has been shown to be predictive of outcome. However, more recent studies have shown that SUV heterogeneity was more predictive of lymph node metastasis at diagnosis and radiation response and progression-free survival. 37 In this study, volumes were derived using adaptive image segmentation and using the pretreatment FDG-PET/CT images. Intratumoural heterogeneity was expressed as the derivative (dV/dT) of the volume-threshold function. Notably, there the correlations of dV/dT to histology or SUV Max were insignificant suggesting that it is an independent predictor. In non-small cell lung cancer (NSCLC), heterogeneity of FDG uptake is used to identify "hot spots" for radiotherapy and to predict recurrence. 38 Diffusion MRI measures the motion of water during a time interval between two pulsed magnetic field gradients. As the probability of motion is reduced in the presence of diffusion barriers, such as cell membranes, diffusion MRI has been shown to be sensitive to cell density. 23 As successful therapy often leads to reductions in cell density, diffusion MRI changes have been used as a biomarker for therapy response. 39e41 Quantitative diffusion MRI requires comparisons of multiple scans at different gradient strengths, and is readily applicable in non-moving organs such as the brain. Heterogeneity measures have been shown to be predictive of outcome. In brain cancer, for example, an index has been derived, which is a robust measure of lesion heterogeneity. 42 This alpha index is predictive of stage and progression. 43 In visceral organs, quantitative diffusion is made difficult because of motion. 44 Thus diffusion images are typically collected at only a single diffusion weighting. Although quantitative values of diffusion are not derived, the data are nonetheless very amenable to pixelwise analysis of heterogeneity.
Anatomic imaging and gene expression patterns: radiomics
Referring again to Fig. 1 , the physiology and anatomy of organs and tumours is driven by gene expression patterns, which are a product of cellular genetics interfacing with the microenvironment. Over the last few years, it has become clear that distinct subregions of tumours, identifiable by MRI, have distinct gene expression patterns. 34,45e47 This indicates that underlying molecular biology can affect the "anatome". Recently, there have been attempts to determine whether quantitative analysis of the anatome can be used to infer an underlying molecular gene expression pattern. This involves "radiomics," which is the extraction of quantitative features from radiographic images. Relating these to gene expression patterns using sophisticated bioinformatic approaches is sometimes termed "radiogenomics." The central hypothesis of cancer radiomics is that tumour imaging features reflect underlying gene expression patterns. In the simplest cases, changes in expression of specific genes can affect specific imageable parameters, such as vascular-endothelial growth factor (VEGF) effects on perfusion or survival gene effects on tumour density, both of which are measurable by MRI. 48, 49 The idea that imaging features reflect underlying differences in gene expression is the basis for image-guided biopsy, which has clearly shown that tumours exhibit distinct regional variations in gene expression that are correlated with image features, such as perfusion. 45, 46, 50 Image features also underlie the tremendous power of computer-assisted detection (CAD) systems. 51e53 The use of image features has been elevated to a new level through the work of Kuo and colleagues, who have compared extractable features from MRI or CT to predict global gene expression patterns in gliomas, Glioblastoma multiforme (GBM), and hepatocellular carcinoma, HCC, respectively. 54, 55 In GBM, there are clear correlations between histopathology grade and MRI features. 56 However, the diversity of MR phenotypes is greater than that of histology, e.g., tumours of similar histopathology can exhibit distinctly different MRI patterns. 57 MR-visible contrast enhancement and tissue density can predict specific hypoxia and proliferation-associated gene expression patterns. 54 Furthermore, overexpression of the epidermal growth factor receptor, EGFR, and an infiltrative phenotype could be inferred from image features, which correlated negatively to survival. Interestingly, intratumoural heterogeneity was one of the most predictive of imaging features.
Conclusion
Cancers are typically complex, dynamical systems that respond and evolve rapidly to perturbations, such as chemotherapy. The multiscale interactions of the genome, transcriptome, proteome, metabolome, physiome, and anatome are non-linear and will likely be understood only through development and application of appropriate mathematical tools. The resulting spatial and temporal heterogeneity of cancers render investigation and measurement of the underlying genetic, phenotypic, and environmental characteristics extraordinarily difficult. Molecular imaging is uniquely suited to investigate this dynamical cancer ecosystem. New methods to identify and quantify the cellular and environmental heterogeneity of the system may prove to be molecular imaging's most valuable contribution.
